Knowledge of hydraulic parameters (hydraulic conductivity and transmissivity) is essential for the delineation of groundwater potential zones. Conventionally, these parameters are measured using pumping tests carried out on boreholes. However, pumping tests are costly, labour intensive and require a considerable amount of equipment. The integration of geophysical methods with pumping tests provides efficient and cost-effective alternative to calculate hydraulic parameters. Fifty electrical resistivity soundings were carried out in the study area using Schlumberger interelectrode configuration to obtain hydraulic characteristics that are estimated through the pumping tests. To apply this approach successfully, sufficient number of boreholes are used. Part of the boreholes, in which pumping tests were carried out, is used for both to constrain resistivity inversions and to establish the empirical relationship between the interpreted geophysical and hydraulic parameters. The rest of the boreholes without pumping tests are still used for constraining the inversions. Initially, aquifer parameters were measured using pumping tests at 12 water wells. Afterwards, transmissivity (T) and hydraulic conductivity (K) were correlated with transverse resistance (T r ) and the bulk resistivity (ρ o ) of the aquifer at other sites where pumping tests had not been conducted. In this way, the entire study area was covered to assess the groundwater reserves. The hydraulic properties obtained by the geophysical method fit pretty well to both the pumping and physicochemical data of the investigated area. The integrated study reveals five layers (i.e. topsoil, clay, clay sand, sand and gravel sand) and three potential zones (i.e. high, medium and low potential aquifer zones) with specific ranges of T, K, T r and ρ o . The results suggest that, in case of sparse well data, the aquifer parameters can be estimated using the relations depending on the specifications of the area.
measurements of the above hydraulic parameters are not always available. Hydraulic conductivity (K) and transmissivity (T) are the most problematic aquifer parameters to estimate because of either the unsatisfactory laboratory measurements or the great range of observed values (Zecharias and Brutsaert 1988; Mendosa et al. 2003) . Traditionally, the pumping tests conducted on certain boreholes sites are one of the most efficient tools to calculate the hydraulic parameters. However, these tools are both costly and labour intensive requiring many boreholes, a considerable number of equipment and several operations. Besides, such tests provide appropriate hydraulic information only to a small section of the aquifer.
Numerous publications show that the integration of geoelectric parameters estimated from surface resistivity measurements and hydraulic parameters calculated from the borehole data can be highly successful to assess the aquifer potential, since a relationship between electrical and hydraulic aquifer properties can be possible because both properties are related to the heterogeneity and pore-space structure (De Lima et al. 2005; Niwas, Gupta and de Lima 2006; Hasan et al. 2017a) . The relations between geoelectric properties and aquifer parameters have been studied by several authors in past two decades (Hubbard and Rubin 2002; Soupios et al. 2007; Batte et al. 2010; Majumdar and Das 2011; Niwas and Celik 2012; Sikandar and Christen 2012; Akhter and Hasan 2016; Hasan et al. 2017b ). In the above investigations, empirical relations were established to estimate the hydraulic parameters from surface geoelectrical measurements. These studies suggest that the estimation of hydraulic parameters from surface geoelectrical methods is feasible. However, such relations are specific to certain areas and have inadequate applications in other areas (Purvance and Andricevic 2000) .
In this study, geoelectrical resistivity method was used, which is well established and mostly conducted to solve a variety of hydrogeological, environmental and geotechnical sub-surface detection problems (Ward 1990 ). This approach is relatively cheap and non-invasive, and it can be used as an alternative tool to calculate the aquifer parameters for the delineation of groundwater potential zones. This method is one of the most suitable geophysical techniques for shallow groundwater assessment of 200 m depth (Ebraheem, Senosy and Dahab 1997) . Such techniques are extensively applicable to both low and high resistive formations (Hubbard and Rubin 2002) . This approach can construct geoelectrical columns to characterize the lateral and vertical lithological changes with minimum boreholes (Hasan et al. 2017b) . A direct correlation between borehole lithology and resistivity sounding data is very useful to study the hydrogeological properties (Akhter and Hasan 2016; Hasan et al. 2017b) . The surface resistivity methods are used to estimate Dar Zarrouk parameters for the hydrogeological mapping of shallow sub-surface layers (Hasan et al. 2017a ). In such methods, the potential difference is measured on the surface caused by the current flow within the ground. This process can be performed by means of different inter-electrode arrays, such as Wenner, Schlumberger, pole-pole, dipole-dipole and pole-dipole using four electrodes. Since the mechanism that causes the electric current and fluid flow is mainly controlled by the same physical parameters and lithological attributes, so the electric and hydraulic conductivities are dependent on each other. The factors that control the current flow and conduction into the sub-surface soil (lithology, shape, size, mineralogy, geometry and shape of pore channels, orientation and packing of grains, magnitudes of porosity, permeability and tortuosity, consolidation, compaction and cementation, and depth and water distribution) are highly variable (Salem 1999 ). Thus, it should be noted that the measured resistivity values are relative but not absolute, and therefore, only relative estimation of the area's hydraulic parameters can be made. Moreover, geochemical method of physicochemical analysis using the guideline provided by World Health Organization (WHO) has been useful for the delineation of fresh-saline aquifer potential zones (Hasan et al. 2017a) .
The aim of this investigation is to demonstrate the use of hydraulic parameters for the delineation of groundwater reserves in Kabirwala area of Pakistan where groundwater is the main source for drinking and irrigation purposes. In this investigation, the hydraulic parameters estimated from surface geoelectrical measurements were correlated with the aquifer parameters measured from pumping tests performed on the existed boreholes to overcome the inadequate number of boreholes in the study area. This integrated approach has been carried out in order to provide effective and inexpensive assessment of the study area's aquifer system.
H Y D R O G E O L O G Y
The study area is located in District Khanewal, Punjab Province of Pakistan. It lies between the latitude 30.24°to 30.76°N and the longitude 71.8°to 72.48°E. Fifty electrical resistivity soundings and 12 boreholes in combination with 50 physicochemical tests were conducted in the investigated area in order to delineate the aquifer potential zones. The location map of the vertical electrical soundings, boreholes, and water samples is shown in Fig. 1 . Kabirwala is located in the Upper Indus Basin, and the recent hydrogeological features were created by the Indus River and its tributaries. Sand, gravel and clay are the main lithologies of the alluvial complex with sand as the dominant lithology found at few meter depth almost everywhere in the investigated area. The alluvial cover created over Tertiary and Precambrian metamorphic and igneous rocks slope gently in NE-SW direction (Water and Power Development Authority (WAPDA 1980) . Groundwater is the major source of drinking and irrigation purposes in the study area. The annual rainfall is 160 mm, so mostly the groundwater recharge is from its rivers and canals (WAPDA 1980) . The water table is continuously decreasing because of fast installation of tube wells for agriculture purpose in the test area. It has an unconfined aquifer with variable thickness (WAPDA 1978) . The borehole tests drilled in the investigated area confirm that there is no bedrock up till the depth of 300 m.
Based on the aquifer characteristics, the investigated area is divided into three main potential zones, namely high zone, medium zone and low zone (WAPDA 1989 Figure 2 shows these three potential zones in the investigated area.
M E T H O D S

Interpretation of resistivity data
In this work, 50 geoelectrical soundings using Schlumberger array with a maximum half-current electrode spacing (AB/2 = 200 m) at successive distances were used to assess the aquifer potential in Kabirwala area, Pakistan. This investigation was carried out by Pakistan Council of Research in Water Resources (PCRWR) under a project. The resistivity field data were analysed to obtain best-fit vertical electrical soundings (VES) curves using IpI2Winv software (IpI2Winv.2.1Usersguide 2001) with the information obtained from litho logs and geologic maps, water levels and electrical conductivities (Loke 1999) . The interpreted models (selected VES stations near 12 boreholes) obtained by plotting apparent resistivity against half-electrode spacing on the logarithmic graph sheets are shown in Fig. 3 . The information obtained from the modelled VES curves of the selected stations is given in Table 1 . In order to obtain a unified layer model applicable to all field curves, calibration between litho logs and resistivity was performed at specific borehole locations. Concerning this investigation, hydraulic conductivity (K) was estimated by the Kozeny-Carman-Bear equation (Domenico and Schwartz 1990.) using the values of bulk resistivity (ρ o ) and water resistivity (ρ w ) at the selected VES stations near the boreholes. Archie's law (Archie 1942 ) was used to calculate the porosity ( ) required in the KozenyCarman-Bear equation. Archie's formula that relates ρ o of a fully saturated granular medium to its porosity and ρ w within the pores is given by:
where is the porosity of the medium, α is associated with the medium and its commonly assumed value is 1 and m is the cementation factor also known as grain shape or pore shape factor. ρ o is the bulk resistivity of the saturated layers obtained from one-dimensional inversion process of the observed VES field data (from interpreted models), which is also called as resistivity of the aquifer (aquifer resistivity).
ρ o values for the selected stations are given in Table 1 . ρ o was calculated as the average resistivity values for more than one saturated layer. In the investigated area, each of the selected interpreted models has one saturated layer; however, some of the models have more than one saturated layer. The resistivity of saturated layers (last layer) with unknown (undefined) depth and the resistivity of unsaturated layers above the water table were not considered for the calculation of bulk resistivity. ρ w is the water resistivity obtained by the water samples taken from the boreholes using the following formula:
where σ is the electrical conductivity (μS/cm). The ratio ρ o /ρ w is called as the intrinsic formation factor (F i ) for any clay-free medium. Equation (1) can be reformulated as:
A Case Study by Using Geophysical 1741 The coefficients α and m were determined for each of the 12 selected stations (Table 1) . However, the porosity was estimated using the values of α and m available in the literature. Worthington (1993) suggested three different methods to calculate the intrinsic formation factor in relation to the porosity for the samples from different locations . Jackson et al. (1978) recommended a fourth expression with coefficient α equals to 1 and m varying from 1.3 to 2.5 (De Lima and Sharma 1990). The estimated and observed values of porosity are given in Table 1 .
However, equations (1) and (3) are valid only for clayfree aquifer. A modification in the Archie's formula is required, since aquifer system of the investigated area contains clay enhanced with sand and gravel. For this purpose, the Waxman-Smits model (Vinegar and Waxman 1984) was used that relates the apparent formation factor (F a ) with Table 1 The values of aquifer thickness, aquifer resistivity, transverse unit resistance, electrical conductivity, water resistivity, formation factor, porosity, hydraulic conductivity and transmissivity for the selected VES stations VES Number (Selected)
Layer Number intrinsic formation factor (F i ). According to Worthington (Worthington 1993) :
where BQ v is related to the effects of surface conduction mainly due to the clay particles. In case, if F a becomes equal to F i , surface conduction effects are non-existent. Rearranging equation (4) to get a linear relationship between 1/F a and ρ w :
where BQ v /F i is the gradient and 1/F i shows intercept of the straight line (Worthington 1993) . Thus, the intrinsic formation factor (F i = 5.88), obtained by plotting 1/F a versus ρ w (Fig. 4a) , was used in equation (3) to estimate the porosity for the reported values of α and m. To follow the above approach, the apparent formation factor (F a ) was calculated by:
The hydraulic conductivity (K) for the selected stations was calculated using the Kozeny-Carman-Bear equation (Domenico and Schwartz 1990.) :
where K is the hydraulic conductivity (m/day), δ w is the fluid density (1000 kg/m 3 ), d is the grain size and μ is the dynamic viscosity (0.0014 kg/ms) (Fetter 1994) . Transmissivity (T) for the selected stations was calculated using the relation (Fetter 1988) :
where T is the transmissivity (m 2 /day) and h is the aquifer thickness (m). Dar Zarrouk parameters, namely total transverse resistance (T r ) and total longitudinal conductance (S c ), were calculated for each layer of geoelectrical sounding with different combinations of resistivity and thickness (Hasan et al. 2017a) :
where T r is the transverse resistance ( m 2 ), S c is the longitudinal conductance (mho), ρ is the resistivity ( m), h is the thickness (in m) and i is the number of layers. The following relation can be obtained using equations (8) and (9):
Equation (11) shows a direct proportion between transmissivity (T) and transverse resistance (T r ) (Akaolisa 2006; Soupios et al. 2007) . From the plot between T and T r (Fig. 4b) , the following relation was obtained:
The above relation (equation (12)) was used to estimate transmissivity for all VES stations.
The overall resistivity of the aquifer is correlated with the hydraulic conductivity using the relation (Dasargues 1997; Sattar, Keramat and Shahid 2016) :
where
where Ý shows a direct proportion, ρ o is the total resistivity of the aquifer, ρ is the resistivity and i is the number of layers. The following relation was used to estimate hydraulic conductivity for all VES stations obtained by the plot of bulk resistivity and hydraulic conductivity (Fig. 4c) :
The values of K and T are given in Table 1 .
Pumping test analysis
Water and Power Development Authority (WAPDA) conducted a pumping test on each test well with constant discharge to determine the potential characteristics of the aquifer in the study area. Aquifer parameters (transmissivity and hydraulic conductivity) for 12 boreholes were calculated using Jacob method with single well pumping test approach. Jacob method is the most frequently used tool in pumping test analysis (Fetter 1988; Chapuis 1992) . A container of known volume was used for the estimation of the pumped water. Prior to the pumping, the static water level was measured. Generally, the pumping time was calculated for 1000 minutes. The pumping discharge was calculated with respect to the pumping time. The drawdown was measured again with the specific time interval after the pumping. The depth for water level was calculated during pumping and recovery period. The drawdown curves of pumping test were interpreted to provide information for the determination of transmissivity (T w ) and hydraulic conductivity (K w ). Finally, Eden-Hazel method with StepMaster (version 2.0) software was used to determine the hydraulic properties depending on nature of data and its applicability for various relevant equations (Eden and Hazel 1973) .
R E S U L T S A N D D I S C U S S I O N
Resistivity interpretation
In this study, 50 electrical resistivity soundings were analysed and interpreted in two steps: in the first step, the observed resistivity values were interpreted theoretically, and the second step was performed to map the hydrogeological characteristics for the estimation of aquifer potential. Resistivity calculated in the field is the weighted average resistivity of all materials known as apparent resistivity. The apparent resistivity approach is not useful for the estimation of actual effects of the resistivity at some 100 m depth. True/model resistivity is defined by the change in the material properties of the sub-surface (Hasan et al. 2017a) . The inverse iterative technique was applied to obtain true resistivity and layer thickness for different sub-surface layers using IpI2Winv software. The geometry and nature of the modelled vertical electrical soundings (VES) curves (Fig. 3) depend on layer number and layer thickness, whereas AB/2 is half of the spacing between current electrodes (Alile, Amadasun and Evbuomwan 2008) . Electrical resistivity survey maps sub-surface geology by the distribution of resistivity. The factors, such as porosity, temperature, clay content and water content, affect the actual resistivity of the material (Hasan et al. 2017b) . The nature and characteristics of the rock mass existing in the particular area play an important role to interpret the sub-surface lithlogies (Robinson and Coruh 1988) . A relation can be established between aquifer lithology and the resistivity to map the geometry of sub-surface layers, provided that the rock mass is correlated with resistivity ranges (Rucker, Noonan and Greenwood 2011; Hasan et al. 2017a ). Resistivity and lithology were calibrated based on hydrogeological conditions of the test area as given in Table 2 . Depending on the information provided by geology and borehole lithology of the study area, the modeled VES curves were calibrated and interpreted. Depending on damp conditions, resistivity of sand is always greater than resistivity of clay; similarly resistivity of gravel is higher than resistivity of sand (Akhter and Hasan 2016) . Qualitative and quantitative correlations of inverse electrical resistivity models with borehole/drill logs reveal a useful relationship between lithology and modelled resistivity. Using calibrated VES data, the geoelectrical columns for the selected VES stations (near boreholes) were constructed and compared with lithological logs of 12 boreholes in the test area as shown in Fig. 5 . Most of the interpreted VES geological sections show a good match with the lithology of nearby boreholes. Figure 5 shows a sufficient contrast for resistivity values of clay (low potential aquifer) and sand/gravel sand (high potential aquifer) but less contrast between resistivity values of clay sand (medium potential aquifer) and sand because of the mixed sand with clay. It is hard to differentiate the lithology based on resistivity contrast between clay sand and sand, however the resistivity calibration (resistivity range for clay, clay sand, sand and gravel sand) with the borehole lithology provides satisfactory results for the interpretation of low (clay), medium (clay sand) and high potential aquifer zone (sand and gravel sand) in the investigated area.
True resistivity values obtained from modelled VES curves were plotted at different depths to map the sub-surface geometry. The resistivity map plotted at 10 m depth above the water table shows dry strata (Fig. 6a) . Below the water table (at depth of 50, 100 and 150 m), resistivity maps ( Fig.  6b-d) show gravel sand containing fresh water (high potential aquifer zone) with resistivity greater than 50 m, sand with fresh water (high potential aquifer zone) for resistivity values C 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 1737-1750 Figure 7 Interpreted maps of (a) transverse resistance, (b) aquifer resistivity, (c) estimated transmissivity, (d) pumped transmissivity, (e) estimated hydraulic conductivity and (f) pumped hydraulic conductivity. (31, 36, 37, 39, 40, 42, 43, 45, 46, 47, 48, 49, 50) 26 TDS (mg/L) 88 4000 694.7 223.5 957.58 1000 12 (36, 37, 39, 40, 42, 43, 45, 46, 47, 48, 49, 50) (43,44,45,46,47,48,49) 14 from 30 to 50 m, clay sand with brackish water (medium potential aquifer zone) for resistivity values from 20 to 30 m and clay having saline water (low potential aquifer zone) with resistivity values less than 20 m.
Delineation of aquifer potential zones
The groundwater reserves were estimated by the hydraulic parameters. Initially, hydraulic conductivity (K) and transmissivity (T) were calculated only for the selected 12 vertical electrical soundings (VES) stations near the boreholes. Afterwards, a relation between transverse resistance (T r ) and transmissivity (T) was established to estimate transmissivity (T') for all VES stations, and another relation was obtained between bulk resistivity (ρ o ) and hydraulic conductivity (K) to estimate hydraulic conductivity (K') for all VES stations. In this way, the aquifer system of the entire area was estimated. The maps of estimated aquifer parameters (T' and K') and pumped aquifer parameters (T w and K w ) show a good correlation (Fig. 7) . The aquifer potential was divided into three zones (i.e. high, medium and low aquifer potential zones) using different values range of hydraulic conductivity, transmissivity, transverse resistance and aquifer resistivity. The specific ranges of K, T, Tr and ρ o were obtained by the correlation between resistivity, borehole lithology, pumping test data and available hydrogeological information of the study area. High potential aquifer was delineated as fresh water with gravel sand and sand in the northwest, medium potential aquifer was revealed by the brackish water having clay sand in the central parts and low potential aquifer was interpreted by the saline water with clay in southern part of the test area. (Fig. 7) .
Geochemical analysis
Fifty groundwater samples (Fig. 1) et al. 2017c; Gao et al. 2018) . The results of physicochemical parameters were converted from analytical to statistical such as minimum, maximum, mean, median and standard deviation (Table 3 ). The drinking water quality was assessed using the suggested limits of World Health Organization (WHO, 2008) as shown in Table 3 . The results of geochemical analysis fit pretty well to the fresh, brackish and saline water zones delineated by the geophysical method.
C O N C L U S I O N S
The geophysical technique suggests a good alternative to pumping test approach because pumping test is time consuming, costly and labour extensive, while the electrical approach is simple, cheap and efficient for estimating hydraulic properties, such as hydraulic conductivity and transmissivity. The apparent resistivities measured from the field data were inverted to obtain true resistivities and layer thickness for different sub-surface layers using IpI2Winv software. The interpreted models were interpreted and calibrated with litho logs and geology of the study area to map the subsurface geometry at different depths. Firstly, aquifer parameters were estimated for the selected vertical electrical soundings (VES) stations near the available boreholes. Then, the empirical relations obtained by the plots of aquifer resistivity and hydraulic conductivity, and transverse resistance and transmissivity were used to estimate the aquifer parameters for all VES stations where the borehole does not exist. The correlation between estimated and pumped aquifer parameters shows good matching. Three aquifer potential zones were delineated as a function of transmissivity, hydraulic conductivity, transverse resistance and aquifer resistivity. confidence where pump test data are scarce or of uncertain quality. This technique is efficient in both conductive sediments, such as silt, clay, organic, brackish or saline and in resistive sediments, such as sand or gravel. It is hoped that this approach will prove to be very effective tool to explore fluvial and other depositional successions.
A C K N O W L E D G E M E N T S
